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second surface opposite to the first surface. The first surface
has a plurality of pinholes. The optical filter further includes
aplurality of first microlenses on the second surface. The first
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respectively.
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1
CONFOCAL OPTICAL SCANNER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a confocal optical scanner
configured to acquire rapidly (in real time) super resolution
images where influence of spurious resolution and artifacts
due to image processing is inhibited.

Priority is claimed on Japanese Patent Application No.
2014-027918, filed Feb. 17, 2014, the contents of which are
incorporated herein by reference.

2. Description of Related Art

Hereinafter, three related arts in the technical field of con-
focal optical scanner will be described with reference to
drawings.

(A) Related Art 1

A technique for acquiring images of a specimen, which
have a resolution higher than the resolution limit of optical
system (Abbe diffraction limit), has been developed and put
to practical use. Hereinafter, such a technique is referred to as
a super resolution technique. An example of super resolution
technique includes a technique described in Japanese Patent
Application Laid-Open Publication No. 2012-78408 (Japa-
nese Patent No. 5412394).

(A1) Configuration and Operation of Related Art 1

FIG. 16 is a schematic diagram showing one configuration
example of confocal optical scanner in Related Art 1. FIG. 16
shows a fourth embodiment (FIG. 10A) described in Japanese
Patent Application Laid-Open Publication No. 2012-78408
(Japanese Patent No. 5412394). Hereinafter, the configura-
tion and operation of confocal optical scanner in Related Art
1 will be described with reference to FIG. 16.

A confocal optical scanner 100 includes a microlens disk
102, on which a plurality of microlenses 102a is regularly
disposed, a pinhole disk 103, on which pinholes 103a are
disposed, and a motor 104 for rotating the microlens disk 102
and the pinhole disk 103. Each pinhole 1034 is an opening of
a light shielding mask 1035 and is positioned opposite to the
microlens 102a.

A light source device 105 includes a light source such as a
laser and an optical system, which are not shown, and is
configured to output collimated illumination light. The illu-
mination light input into the confocal optical scanner 100 is
divided into a plurality of illumination light beamlets by the
plurality of microlenses 102a disposed on the microlens disk
102. The divided illumination light is transmitted through a
beam splitter 106 and passes through the pinhole positioned
opposite to the microlens 1024, through which the illumina-
tion light has been passed, among the plurality of pinholes
103a disposed on the pinhole disk 103. In order to make the
illumination light be passed through each pinhole 103a, each
pinhole 1034 is disposed on the focal plane of the microlens
102a.

The illumination light, which has been passed through the
pinhole disk 103, is condensed onto a specimen 108 by an
objective lens 107. The specimen 108 outputs return light
based on the illumination light. In particular, in a case of
observation of a fluorescent specimen, the specimen 108 is
stained using a fluorescent dye so as to have a specific struc-
ture. The fluorescent dye molecule of the specimen 108 is
excited by the illumination light and the specimen 108 out-
puts fluorescence having a longer wavelength than the illu-
mination light.

The return light captured by the objective lens 107 is con-
densed onto the pinhole disk 103 provided in the confocal
optical scanner 100. At this time, only return light from the
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focal plane of the objective lens 107 facing the specimen
passes through the pinhole 103a. On the other hand, since
return light from other than the focal plane is not focused on
the pinhole 1034 and is shielded by the light shielding mask
1035 disposed on the pinhole disk 103, most of the return
light cannot pass through the pinhole 103a.

The return light, which has passed through the pinhole
103a, is reflected by the beam splitter 106. In particular, in a
case of fluorescent observation, the beam splitter 106 is for
dispersing light based on a wavelength and has a short pass
characteristic where illumination light is transmitted and
return light, which is fluorescence and has a longer wave-
length than the illumination light, is reflected. The return light
reflected by the beam splitter 106 forms an image on a camera
110 by an imaging lens 109.

At the same time, the microlens disk 102 and the pinhole
disk 103 are rotated by the motor 104, and the whole of
specimen 108 is scanned using illumination light. This
enables a confocal image (optical cross-sectional image) of
the specimen 108 to be imaged using the camera 110.

At this time, the illumination light, which has a spatial
intensity distribution modulated by the pinhole pattern of the
light shielding mask 1035, is projected on the specimen 108.
Thereby, in the return light from the specimen 108, a part of
high-frequency component beyond a resolution limit of opti-
cal system is shifted to a frequency below the resolution limit.
In addition, by adopting the configuration where the return
light passes through the pinhole pattern of the light shielding
mask 1035, the shifted band is demodulated into the original
high-frequency component. Therefore, a confocal image hav-
ing a high-frequency component beyond a resolution limit of
optical system is imaged by the camera 110. Since the high-
frequency component beyond a resolution limit of optical
system has low contrast compared to a low-frequency com-
ponent and cannot be sufficiently visualized as an image, the
high-frequency component is subjected to a high-frequency
enhancement process using an image processing board 111
and a personal computer 112. Therefore, a confocal image
where a high-frequency component beyond a resolution limit
of optical system is sufficiently visible can be obtained.

(A2) Problems in Related Art 1

As described above, in order to obtain a confocal image
where a high-frequency component beyond a resolution limit
of optical system is sufficiently visible, it is necessary to
subject a confocal image imaged by a camera to a high-
frequency enhancement process. Therefore, various spurious
resolution and artifacts occur due to noise components
included in a confocal image imaged by a camera.

In the field of natural science for observing “nature” (for
example, a field for observing a biological specimen, a cell,
and the like using a microscope), there are some cases where
“artifacts (data distortion and errors occurred in an observa-
tion and analysis process, and the like)” occur.

Since parameters such as strength and a band in the high-
frequency enhancement process are not obvious, it is neces-
sary to determine parameters by trial and error for each image
s0 as to prevent occurrence of spurious resolution and arti-
facts in images obtained by performing the high-frequency
enhancement process. In addition, it is impossible to deter-
mine whether the high-frequency components, which are
visualized as a result of the process, are generated based on
the microscopic structure of actual specimen or are generated
due to spurious resolution.

The high-frequency enhancement process improves the
resolution of image in the imaging plane (X-Y plane), but
does not improve the resolution of image in the light axis
direction (Z-axis direction) perpendicular to the image.
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Therefore, there are some cases where it is not easy to observe
in detail the spatial structure of specimen.

Since the high-frequency enhancement process requires a
long processing time, there are some cases where itis not easy
to display super resolution images in real time. In addition,
since the high-frequency enhancement process requires a
personal computer with high performance and an image pro-
cessing board, there are some cases where the device configu-
ration is complicated and expensive.

(B) Related Art 2

Examples of confocal microscope having a super-resolu-
tion effect include, for example, an “Image Scanning Micros-
copy (ISM)” method described in Schulz, O. et al. Resolution
doubling in fluorescence microscopy with confocal spinning-
disk image scanning microscopy, Proceedings of the National
Academy of Sciences of United States of America, Vol. 110,
pp- 21000-21005 (2013). Hereinafter, the configuration and
operations of the confocal microscope will be described with
reference to FIG. 17.

(B1) Configuration and Operation of Related Art 2

FIG. 17 is a schematic diagram showing one configuration
example of confocal microscope in the related art. Hereinaf-
ter, the configuration and operation of the confocal micro-
scope will be described with reference to FIG. 17.

An ISM confocal microscope uses a similar confocal opti-
cal scanner to that of Related Art 1. A confocal optical scanner
200 includes a shutter 2054 in a light source device 205. In
addition, the confocal optical scanner 200 includes a motor
204 and a synchronization controller 213 for synchronizing
the shutter 2054 and a camera 210.

The shutter 205q allows illumination light from the light
source device 205 to pass through for only a short time, a few
microseconds at each photographing and outputs strobo-
scopic light. In the short illumination period, the pinhole 203
rotated by the motor 204 is considered to have a stopped state.
Therefore, by adopting the configuration where the camera
210 performs an imaging for a short time, which is the same
as the illumination period, confocal images in the nearly
stopped state (non-scanning confocal image) can be obtained
without scanning a specimen 208 with illumination light.
Since the non-scanning confocal image is generated by imag-
ing only return light from the positions on the specimen 208,
which are opposite to a plurality of pinholes 203¢ in the
pinhole pattern of a light shielding mask 2035, a plurality of
bright points is recorded in one image.

A few hundred non-scanning confocal images as described
above are imaged with performing a synchronization control
of the motor 204, the shutter 2054, and the camera 210 using
the synchronization controller 213.

When the non-scanning confocal images are imaged, the
synchronization control is performed so that the opening-
closing timing of the shutter 2054 for the rotation of the motor
204 is deviated at a regular interval. Thereby, the position of
each of the bright points is slightly different in each image and
the whole of image is filled with the bright points by super-
imposing all images.

The following image processing is performed for a few
hundred non-scanning confocal images obtained as described
above. The central coordinate of each of the plurality of bright
points recorded in the non-scanning confocal image is calcu-
lated, and pixels near the bright point are shifted so that the
distance to the center is half of the original distance. In other
words, the image processing for decreasing the size of each of
the plurality of bright points so as to be half of the original size
is performed. Finally, a super resolution image is obtained by
superimposing a few hundred non-scanning confocal images
subjected to the bright point decreasing process.
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Hereinafter, reasons for acquisition of super resolution
images will be described with reference to FIGS. 18 and 19.
FIG. 18 is a schematic diagram showing a confocal optical
system using a two-dimensional image sensor (camera). In
order to simplify the diagram, an illumination side and an
imaging side are separately shown. The illumination side
indicates a region from a point light source to a specimen
plane, and the imaging side indicates a region from the speci-
men plane to an imaging plane. In order to simplify the
diagram, the magnification of objective lens is set to 1x, but
an objective lens having a magnification other than 1x may be
used. When the magnification of objective lens is setto 1x, the
specimen plane and the imaging plane are the same in the
scale as each other and are opposite in the scale direction to
each other.

The illumination light output from the point light source on
the optical axis is focused on the specimen plane by the
objective lens. At this time, the light diffraction causes the
intensity distribution of illumination light on the specimen
plane to have a certain extent centered at the coordinate
x=zero as shown in FIG. 18. The extent of light is generally
referred to as Airy disc. Next, return light, which is generated
by exposing the specimen to the illumination light and is
output from three points at the coordinates, x=zero, d/2 and d
on the specimen plane, will be considered. A description will
be provided for the case where these three points exist in the
Airy disc of the illumination light. In FIG. 18, first to third
curved lines are shown in front of the imaging plane. The first
curved line corresponds to the intensity distribution curved
line of return light output from the coordinate x=zero on the
specimen plane. The second curved line corresponds to the
intensity distribution curved line of return light output from
the coordinate x=d/2 on the specimen plane. The third curved
line corresponds to the intensity distribution curved line of
return light output from the coordinate x=d on the specimen
plane. As shown in FIG. 18, the first intensity distribution
curved line has the peak at the coordinate x=zero on the
imaging plane, and the peak height is proportional to the
illumination light intensity at the coordinate x=zero on the
specimen plane. The second intensity distribution curved line
has the peak at the coordinate x=d/2 on the imaging plane, and
the peak height is proportional to the illumination light inten-
sity at the coordinate x=d/2 on the specimen plane. The third
intensity distribution curved line has the peak at the coordi-
nate x=d on the imaging plane, and the peak height is propor-
tional to the illumination light intensity at the coordinate x=d
on the specimen plane.

The return light is received by a two-dimensional image
sensor (camera) provided on the imaging plane. The amount
of light received at the position of the coordinate x=d on the
imaging plane (the position corresponding to Pixel 2 shown in
FIG. 18) will be considered. In FIG. 18, the intensity distri-
butions of return light output from the coordinates x=zero,
d/2, and d on the specimen are compared to one another at the
coordinate x=d on the imaging plane. This shows that the
intensity of the return light from the coordinate x=d/2 on the
specimen plane is the largest. In other words, the pixel at the
position of the coordinate x=d on the imaging plane receives
the brightest light which is not return light from the coordi-
nate x=d on the specimen plane, but return light from the
coordinate x=d/2 on the specimen plane. This shows that, in
the microscopic area of the Airy disc, the distribution on the
specimen plane is increased to twice and projected on the
imaging plane.

The above-described optical phenomenon is explained
using equations as follows. When a position on specimen
plane where return light occurs is defines as x and an amount
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oflight received at a position on imaging plane d is defined as
1(x), the amount of light received I(x) is represented by the
following equation (1).
Where, PSF,;(x) and PSF,,,,.(x) are a point spread function
on the illumination side and a point spread function on the

imaging side, respectively.

I(x)=PSFp(x)xPSF,;,o(x-d) M

Generally, the point spread function PSF(x) is represented
by the following equation (2) using Bessel function of the first
kind J,, and a numerical aperture NA and a wavelength A of an
optical system.

@

(JI(ZH-NA -x//\]z
PSF(x) = | 22

- NA-x/A

According to the equation (1), I(x) is represented as a
product of two point spread functions where the peak position
of one of the point spread functions is different from that of
the other by a distance d. Therefore, the sketch of I(x) has a
peak at d/2 as shown in FIG. 19 (horizontal axis: coordinate,
vertical axis: light intensity). In other words, the equation (1)
also indicates that the pixel at the position of the coordinate
x=d on the imaging plane receives the brightest light which is
return light from the coordinate x=d/2 on the specimen plane.

As described above, in the confocal optical system using
the two-dimensional image sensor (camera), the distribution
of images on the specimen plane is increased to twice and
projected on the imaging plane in the region of the Airy disc
centered each bright point of the non-scanning confocal
image. Thereby, by reducing the distribution of images in the
Airy disc to half and performing a correction process for
conforming the coordinate on the specimen plane to the coor-
dinate on the imaging plane, the high-frequency component
beyond a resolution limit of optical system can be obtained.
The reason is that the process for reducing the distribution of
images in the Airy disc to half corresponds to a process for
reducing the width of the point spread function of the optical
system to half. Thereby, super resolution images having a
resolution, which is twice as large as the resolution limit
(diffraction limit) of an optical system, can be obtained.

(B2) Problems in Related Art 2

As described above, the technique in Related Art 2 requires
imaging of a few hundred non-scanning confocal images for
obtaining one super resolution image. At this time, since the
imaging of the one super resolution image requires several
tens of seconds, the time resolution is low and it is not easy to
capture a rapid phenomenon. Therefore, there are some cases
where it is difficult to display super resolution images in real
time.

In addition, since the technique in Related Art 2 requires a
rapid shutter, a synchronization control device, and a personal
computer with high performance, there are some cases where
the device configuration is complicated and expensive.

In addition, the technique in Related Art 2 improves the
resolution of image in the imaging plane (X-Y plane), but
does not improve the resolution of image in the light axis
direction (Z-axis direction) perpendicular to the image.
Therefore, there are some cases where it is not easy to observe
in detail the spatial structure of specimen.

(C) Related Art 3

Other Examples of confocal microscope having a super-
resolution effect include, for example, a “Multi-Focal Struc-
tured [lumination Microscopy” method described in WO
2013/126762. Hereinafter, the configuration and operation of
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the “Multi-Focal Structured [lumination Microscopy”
method will be described with reference to FIG. 20.

(C1) Configuration and Operation of Related Art 3

A confocal optical scanner 350 includes microlens arrays
341, 352 and 353, a pinhole array 351, a galvanic mirror 349,
a beam splitter 306, relay lenses 343, 344 and 345, and mir-
rors 346 and 347. In each of the microlens arrays 341, 352 and
353, a plurality of microlenses is regularly disposed.

The pinhole array 351 includes a plurality of pinholes
351a. Each pinhole 3514 is disposed on a position, which
optically corresponds to (is conjugate to) the focal position of
each microlens 341a included in the microlens array 341. The
pinhole 351a is an opening of a light shielding mask 35154.
The microlens array 352 includes a plurality of microlenses
352a. Each microlens 352a is disposed on a position, which
corresponds to each pinhole 351qa included in the pinhole
array 351. In addition, the microlens array 353 includes a
plurality of microlenses 353a. Each microlens 353q is dis-
posed on a position, which corresponds to each microlens
352a included in the microlens array 352. Each microlens
341a, 352a, and 3534 may be replaced by another optical
element (for example, a Fresnel lens and a diffractive-optical
element) as long as the another optical element has a lens
effect.

The interval between the pinhole array 351 and the micro-
lens array 352 is equal to the focal length of each microlens
352a included in the microlens array 352. Therefore, the
microlens array 352 converts the beam input from the side
facing the pinhole array 351 so that the converted light is
parallel light in the space where the converted light output
from the microlens array 352 exists. The focal length of each
microlens 353« included in the microlens array 353 is set to
half of the focal length of the microlens 352a. Therefore, the
microlens arrays 352 and 353 convert the beam input from the
pinhole array 351 so that the converted beam has a numerical
aperture which is twice as large as that of the light before
being input into the microlens array 352 in the space where
the converted beam output from the microlens array 353
exists.

A light source device 305 includes a light source such as a
laser and an optical system, which are not shown, and outputs
collimated illumination light. The illumination light is
divided into a plurality of illumination light beamlets by the
microlens array 341. The microlens array 341 may be
designed so that the numerical aperture of the illumination
light beamlet is close to or greater than a value obtained by
dividing a numerical aperture of an objective lens 307 by the
magnification.

The illumination light passes through the beam splitter 306
and the relay lens 343, is reflected by the galvanic mirror 349,
passes through the relay lens 344 and the objective lens 307,
and is condensed onto a specimen 308. At this time, by vary-
ing the direction of the surface of the galvanic mirror 349, the
whole of specimen 308 is scanned using the illumination
light.

The specimen 308 outputs return light based on the illumi-
nation light. In particular, in a case of observation of a fluo-
rescent specimen, the specimen 308 is stained using a fluo-
rescent dye so as to have a specific structure. The fluorescent
dye molecule is excited by the illumination light and the
specimen 308 outputs fluorescence having a longer wave-
length than the illumination light.

The return light captured by the objective lens 307 passes
through the relay lens 344, is reflected (descanned) by the
galvanic mirror 349, passes through the relay lens 343, and is
reflected by the beam splitter 306. In particular, in a case of
fluorescent observation, the beam splitter 306 is for dispers-
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ing light based on a wavelength and has a short pass charac-
teristic where illumination light is transmitted and return
light, which is fluorescence and has a longer wavelength than
the illumination light, is reflected.

The return light reflected by the beam splitter 306 is
focused on the pinhole array 351 and passes through the
pinhole 351a. At this time, only return light from the focal
plane of the objective lens 307 facing the specimen passes
through the pinhole 351a. On the other hand, since return
light from other than the focal plane is not focused on the
pinhole 3514 and is shielded by the light shielding mask 3514
included in the pinhole array 351, most of the return light
cannot pass through the pinhole 351a.

The return light, which has passed through the pinhole
351a, is converted into beam having a numerical aperture
which is twice as large as that of the light before being input
into the microlens array 352, by the microlens arrays 352 and
353.

The return light, which has passed through the microlens
array 353, passes through the relay lens 345, the mirror 346,
and the mirror 347, is reflected (rescanned) by the galvanic
mirror 349, and is focused ona camera 310 by an imaging lens
348. At this time, the numerical aperture of each of the relay
lens 345 and the imaging lens 348 may be close to or greater
than that of the return light, which has been converted by the
microlens arrays 352 and 353 so as to have the numerical
aperture which is twice as large as that of the light before
being input into the microlens array 352.

At the same time, the direction of the surface of the gal-
vanic mirror 349 is varied to scan the whole of specimen 308
using the illumination light and the return light from the
specimen 308 is scanned and projected on the camera 310.
This enables the super resolution confocal images of the
specimen 308 to be imaged using the camera 310.

As described above with reference to FIGS. 18 and 19, in
the “Related Art 2, in the confocal optical system using the
two dimensional image sensor (camera), the distribution of
images on the specimen plane is increased to twice and pro-
jected on the imaging plane in the region of the Airy disc
centered each bright point. Therefore, by reducing the distri-
bution of images in the Airy disc to half and performing a
correction process for conforming the coordinates on the
specimen plane to the coordinates on the imaging plane, the
high-frequency component beyond the resolution limit of
optical system can be obtained. On the other hand, in the
“Related Art 3”, the reduction of the distribution of images in
the Airy disc to halfis optically performed. The reason is that,
by increasing the numerical aperture of the return light from
the objective lens 307 to twice as large as before by the
microlens arrays 352 and 353, the width of the point spread
function of the optical system becomes half in accordance
with the equation (2), in other words, the distribution of
images in the Airy disc, which are reduced to half; is projected
on the camera 310.

In addition, in the “Related Art 27, it is necessary to image
afew hundred non-scanning confocal images and to integrate
them. On the other hand, according to the “Related Art 37,
since the distribution of images in the Airy disc is optically
reduced to half and the reduced distribution is imaged by the
camera 310, it is only necessary to perform one imaging
during the scanning of the whole of the specimen 308 with
varying the direction of the surface of the galvanic mirror 349.
Therefore, super resolution images having a resolution,
which is twice as large as the resolution limit (diffraction
limit) of optical system, can be easily obtained in a short time.
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(C2) Problems in Related Art 3

In order to implement the Related Art 3, it is important to
stably ensure the following three points.

It is necessary to precisely dispose the microlenses 341a
included in the microlens array 341 and the pinholes
351a included in the pinhole array 351 so that the focal
position of each microlens 3414 included in the micro-
lens array 341 optically corresponds to (is conjugate to)
the position of each pinhole 351a included in the pinhole
array 351.
is necessary to precisely dispose each pinhole 351a
included in the pinhole array 351 on the focal position of
each microlens 352q included in the microlens array
352.

It is necessary to precisely dispose each microlens 353a
included in the microlens array 353 so that each micro-
lens 3534 has the same axis as the microlens 352a
included in the microlens array 352.

As described above, it is necessary to precisely dispose
each of a plurality of micro optical elements (the microlens
arrays 341, 352 and 353, and the pinhole array 351). The
micro optical elements are spatially separated from one
another. Therefore, there are some cases where the Related
Art 3 requires a plurality of precise position and angle adjust-
ment mechanisms, the configuration is complicated and
expensive, and the optical adjustment is not easy. In addition,
in the Related Art 3, since the micro optical elements are
spatially separated from one another, there are some cases
where the relative position among the micro optical elements
is changed due to a changing in circumstances such as a
temperature, the optical adjustment easily collapses, and the
micro optical elements cannot be stably used in a long time.

I

—

SUMMARY OF THE INVENTION

One aspect of the present invention provides a confocal
optical scanner configured to acquire rapidly (in real time)
super resolution images where influences of spurious resolu-
tion and artifacts due to image processing are inhibited. The
configuration of the confocal optical scanner is simple and
inexpensive. The optical adjustment of the confocal optical
scanner is easy and has high environmental stability. In addi-
tion, the confocal optical scanner has a super-resolution effect
not only in an x-y plane of image, but also in an axial direction
(z-axis direction) and is suitable for a fine observation of a
three-dimensional structure of a specimen.

A confocal optical scanner according to one aspect of the
present invention may include an optical filter. The optical
filter may include a plate-shaped body including a first sur-
face and a second surface opposite to the first surface. The
first surface may have a plurality of pinholes. The optical filter
may include a plurality of first microlenses on the second
surface. The first microlenses may be disposed nearly coaxi-
ally with the pinholes, respectively.

The confocal optical scanner according to the one aspect
may further include a motor connected to the body and con-
figured to rotate the optical filter. The optical filter may be a
disk-shaped filter. Each first microlense may be a convex lens.
The first microlenses may be disposed on one surface of the
optical filter. The one surface of the optical filter may face a
specimen.

The confocal optical scanner according to the one aspect
may further include a motor connected to the body and con-
figured to rotate the optical filter. The optical filter may be a
disk-shaped filter. Each first microlense may be a concave
lens. The first microlenses may be disposed on one surface of
the optical filter. The one surface of the optical filter may be
opposite to the other surface facing a specimen.
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The confocal optical scanner according to the one aspect
may further include a galvanic mirror. A direction of a surface
of'the galvanic mirror may be variable. The optical filter may
be an array type filter. Each first microlense may be a convex
lens. The first microlenses may be disposed on an incidence
surface of the optical filter.

The confocal optical scanner according to the one aspect
may further include a galvanic mirror. A direction of a surface
of'the galvanic mirror may be variable. The optical filter may
be an array type filter. Each first microlense may be a concave
lens. The first microlenses may be disposed on a light emit-
ting surface of the optical filter.

The confocal optical scanner according to the one aspect
may further include a motor connected to the body and con-
figured to rotate the optical filter. The optical filter may be a
disk-shaped filter. Each first microlense may be a concave
lens disposed on one surface of the body. The one surface of
the body may face a specimen. The optical filter may include
concave mirrors disposed on the other surface of the body.
The other surface of the body may be opposite to the one
surface facing the specimen. Each pinhole may be disposed
coaxially with the center of each concave mirror.

The confocal optical scanner according to the one aspect
may further include an intermediate variable magnification
optical system.

In the confocal optical scanner according to the one aspect,
the optical filter may be configured to increase a numerical
aperture of light input from a specimen and to output the light
having the increased numerical aperture.

In the confocal optical scanner according to the one aspect,
the optical filter may be configured to increase the numerical
aperture of the light input from the specimen in the range of
1.2 times to 4 times as large as before, and to output the light
having the increased numerical aperture.

In the confocal optical scanner according to the one aspect,
the optical filter may include a light shielding mask disposed
on the first surface of the body. Each pinhole may be an
opening of the light shielding mask.

The confocal optical scanner according to the one aspect
may further include a microlens disk. A plurality of second
microlenses may be disposed on the microlens disk.

In the confocal optical scanner according to the one aspect,
each second microlens may be configured to divide illumina-
tion light into a plurality of illumination light beamlets. Each
pinhole may be configured to allow one illumination light
beamlet of the illumination light beamlets, which has been
passed through the second microlens positioned opposite to
the pinhole, to pass through.

In the confocal optical scanner according to the one aspect,
each first microlens may be configured to reduce a numerical
aperture of the illumination light beamlet and to output the
illumination light beamlet having the reduced numerical
aperture.

In the confocal optical scanner according to the one aspect,
the intermediate variable magnification optical system may
include a first lens and a second lens.

In the confocal optical scanner according to the one aspect,
the intermediate variable magnification optical system may
be configured to increase a numerical aperture of light input
from the first lens and to output the light having the increased
numerical aperture from the second lens and to reduce a
numerical aperture of light input from the second lens and to
output the light having the reduced numerical aperture from
the first lens.

A confocal optical scanner according to one aspect of the
present invention includes an optical filter including a plural-
ity of pinholes and a scanner configured to expose a specimen
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to light to scan the specimen. The optical filter includes a
plate-shaped body, the pinholes disposed on one main surface
of the body, and microlenses disposed on the other main
surface of the body. The pinholes are disposed nearly coaxi-
ally with the microlenses, respectively.

According to the above-described configuration, a pinhole
disk with microlenses can change a numerical aperture of
return light from an objective lens. Therefore, a width of a
point spread function of an optical system is reduced, in other
words, the distribution of images in an Airy disc is reduced
and the reduce distribution is projected on a camera.

Thereby, one aspect of the present invention can provide a
confocal optical scanner configured to acquire rapidly (inreal
time) super resolution images where influences of spurious
resolution and artifacts due to image processing are inhibited.
The configuration of the confocal optical scanner is simple
and inexpensive. The optical adjustment of the confocal opti-
cal scanner is easy and has high environmental stability.

In addition, since the confocal optical scanner having the
above-described configuration has a super-resolution effect
not only in an x-y plane of image, but also in an axial direction
(z-axis direction), the confocal optical scanner is suitable for
a fine observation of a three-dimensional structure of a speci-
men.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram schematically showing one confocal
optical scanner (first embodiment) according to the present
invention.

FIG. 2 is an enlarged diagram showing a part of pinhole
disk with microlenses shown in FIG. 1.

FIG. 3 is a diagram schematically showing another confo-
cal optical scanner (second embodiment) according to the
present invention.

FIG. 4 is an enlarged diagram showing a part of pinhole
disk with microlenses shown in FIG. 3.

FIG. 5 is a diagram schematically showing another confo-
cal optical scanner (third embodiment) according to the
present invention.

FIG. 6 is a diagram schematically showing another confo-
cal optical scanner (fourth embodiment) according to the
present invention.

FIG. 7 is a diagram schematically showing another confo-
cal optical scanner (fifth embodiment) according to the
present invention.

FIG. 8 is a diagram schematically showing another confo-
cal optical scanner (sixth embodiment) according to the
present invention.

FIG. 9 is a diagram schematically showing one variation of
the confocal optical scanner (sixth embodiment) shown in
FIG. 8.

FIG. 10 is a diagram schematically showing another varia-
tion of the confocal optical scanner (sixth embodiment)
shown in FIG. 8.

FIG. 11 is a diagram schematically showing another varia-
tion of the confocal optical scanner (sixth embodiment)
shown in FIG. 8.

FIG. 12 is a diagram schematically showing another varia-
tion of the confocal optical scanner (sixth embodiment)
shown in FIG. 8.

FIG. 13 is an enlarged diagram showing a part of scandisk
shown in FIG. 10.

FIG. 14 is an enlarged diagram showing a part of scandisk
shown in FIG. 10.

FIG. 15 is an enlarged diagram showing a part of scandisk
shown in FIG. 10.



US 9,360,665 B2

11

FIG. 16 is a diagram schematically showing one confocal
optical scanner (Related Art 1) in the related art.

FIG. 17 is a diagram schematically showing another con-
focal optical scanner (Related Art 2) in the related art.

FIG. 18 is a diagram schematically showing a confocal
optical system using a two-dimensional image sensor (cam-
era).

FIG. 19 is a diagram showing a point spread function PSF
(x) in the confocal optical system shown in FIG. 18.

FIG. 20 is a diagram schematically showing another con-
focal optical scanner (Related Art 3) in the related art.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, confocal optical scanners according to several
embodiments of the present invention will be described with
reference to the drawings.

First Embodiment

A confocal optical scanner according to a first embodiment
of the present invention will be described.

FIG. 1 is a diagram schematically showing one configura-
tion example of the confocal optical scanner according to the
first embodiment.

The confocal optical scanner includes an optical filter
including a plurality of pinholes and a scanner configured to
expose a specimen to light to scan the specimen.

In the confocal optical scanner according to the first
embodiment, the optical filter includes a plate-shaped body,
the pinholes disposed on one main surface of the body, and
microlenses disposed on the other main surface of the body.
The pinholes are disposed nearly coaxially with the micro-
lenses, respectively.

The optical filter is a disk-shaped filter. Each microlens is a
convex lens. The microlenses are disposed on the main face of
the optical filer facing the specimen. In other words, in the
confocal optical scanner according to the first embodiment,
the optical filter includes a plate, pinholes on one face of the
plate, and microlenses on the other face opposite to the one
face of the plate. The pinholes are disposed nearly coaxially
with the microlenses, respectively.

The configuration and operation of a confocal optical scan-
ner 20 according to the first embodiment will be described
with reference to FIG. 1.

The confocal optical scanner 20 includes a microlens disk
2, on which a plurality of microlenses 2a is regularly dis-
posed, a pinhole disk with microlens 21 (optical filter), and a
motor 4 (scanning device) for rotating the microlens disk 2
and the pinhole disk with microlens 21.

Pinholes 21a are provided on the pinhole disk with micro-
lens 21. Each pinhole 21a is an opening of a light shielding
mask 215. The pinholes 21a are disposed respectively oppo-
site to the microlenses 2a of the microlens disk 2. In addition,
the pinholes 214, which are provided on the main face of the
pinhole disk with microlens 21, are provided nearly coaxially
with the microlenses 21¢, which are disposed on the other
face opposite to the main face, respectively. Misalignment
between the central axis of the pinhole 21a and the central
axis of the microlens 21¢ may be equal to or less than 100
micrometer. Each microlens 2a and 21¢ may be another opti-
cal element, for example, a Fresnel lens and a diffractive-
optical element, as long as the another optical element
includes a lens effect.

The pinhole disk with microlens 21 increases a numerical
aperture of light input from a specimen in the range of 1.2

10

15

20

30

35

40

45

65

12

times to 4 times as large as before, and outputs the light
having the increased numerical aperture.

Hereinafter, a description will be provided for the case in
which the pinhole disk with microlens 21 increases a numeri-
cal aperture of light input from a specimen to twice as large as
before, and outputs the light having the converted numerical
aperture. However, the present invention is not limited to the
case.

The function of the pinhole disk with microlens 21 will be
described in detail with reference to FIG. 2. FIG. 2 is an
enlarged diagram particularly showing a pair of the pinhole
21a and the microlens 21c¢ provided on the pinhole disk with
microlens 21.

Considering a beam (thick line) input from the downside of
FIG. 2, the beam is a convergent beam in the space where the
beam exists before being input into the pinhole disk with
microlens 21. The numerical aperture (NA) of the convergent
beam is represented by sin(0). In other words, the beam has a
slope of 8 with respect to the light axis. The beam is refracted
by the microlens 21c¢ to be converted to the beam having the
numerical aperture n*sin(n). In other words, the beam has a
slope of 1 with respect to the light axis. Where, n is a refrac-
tive index of substrate of the pinhole disk with microlens 21.
The radius of curvature r of the microlens 21c¢ is decided so
that the beam is a divergent beam where the numerical aper-
ture is represented by sin(20) in the space where the beam
exists after being output from the pinhole 21a. In other words,
the radius of curvature r is decided so that the beam has a slope
ot 20 with respect to the light axis.

The radius of curvature r of the microlens 21¢, which meets
the above-described condition, may be calculated as follows.
When the thickness of the substrate of the pinhole disk with
microlens 21 is defined as t and the half of the center angle of
the microlens 21¢ is defined as ®, the relationship represented
by the following equation (3) is satisfied based on the law of
refraction with regard to the microlens 21c.

sin(¢p-0)=~ sin(¢-n) 3)

In addition, the relationship represented by the following
equation (4) is satisfied based on the law of refraction with
regard to one surface where the pinholes 21a are provided.

sin(20)=x sin(n) (©)]

In addition, the relationship represented by the following
equation (5) is satisfied with regard to the distance from the
beam to the light axis on the other surface where the micro-
lenses 21¢ are provided.

7 sin(¢)=t tan(n) ®

Based on the equations (3) to (5), when the refractive index
n and the thickness t of the substrate of the pinhole disk with
microlens 21 and the incident angle 6 of the beam are given,
the radius of curvature r of the microlens 21¢, which meets the
above-described conditions, may be uniquely calculated. For
example, when n=1.5, t=3.0 mm, and 6=0.015 rad, the radius
of curvature r is 2.0 mm.

The numerical aperture of the return light output from an
objective lens 7 and input into the microlens 21c¢ is equal to a
value obtained by dividing the numerical aperture of the
objective lens 7 by the magnification. Since the value is
generally within a range of 0.01 to 0.05 rad, the approxima-
tion where sin(0) is nearly equal to 0 is satisfied. In other
words, the numerical aperture sin(0) in air is nearly equal to
the angle 8 with respect to the light axis. Therefore, it can be
said that the pinhole disk with microlens 21 has a function to
convert a beam input from one surface, on which the micro-
lenses 21c¢ are provided, into a beam having a numerical
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aperture, which is twice as large as that of the beam before
being input into the pinhole disk with microlens 21 in the
space where the beam output from the pinhole 21a exists, in
other words, the pinhole disk with microlens 21 has a function
to increase the numerical aperture. Conversely, it can be said
that the pinhole disk with microlens 21 has a function to
convert a beam input from the other surface, on which the
pinholes 21a are provided, into a beam having a numerical
aperture, which is the half of that before being input into the
pinhole disk with microlens 21, in the space where the beam
output from the microlens 21c¢ exists, in other words, the
pinhole disk with microlens 21 has a function to reduce the
numerical aperture. Hereinbefore, the function of the pinhole
disk with microlens 21 has been described in detail.

Again, referring to FIG. 1, the first embodiment will be
described.

A light source device 5 includes a light source such as a
laser and an optical system, which are not shown, and is
configured to output collimated illumination light. The illu-
mination light input into the confocal optical scanner 20 is
divided into a plurality of illumination light beamlets by the
plurality of microlenses 2a disposed on the microlens disk 2.
The divided illumination light is transmitted through a beam
splitter 6 and passes through the pinhole positioned opposite
to the microlens 24, through which the illumination light has
been passed, among the plurality of pinholes 21a on the
pinhole disk with microlens 21. In order to make the illumi-
nation light pass through each pinhole 21a effectively, each
pinhole 21a is disposed on the focal plane of the microlens 2a.
Then, the illumination light passes through the microlens 21c.
At this time, as described above, the numerical aperture of
each beamlet of the illumination light is reduced to half by the
microlens 21c¢. The reduced numerical aperture of the beam-
let may be close to or greater than a value obtained by dividing
the numerical aperture of the objective lens 7 by the magni-
fication.

The illumination light, which has passed through the pin-
hole disk with microlens 21, is condensed onto the specimen
8 by the objective lens 7. The specimen 8 outputs return light
based on the illumination light. In particular, in a case of
observation of a fluorescent specimen, the specimen 8 is
stained using a fluorescent dye so as to have a specific struc-
ture. The fluorescent dye molecule is excited by the illumi-
nation light and the specimen 8 outputs fluorescence having a
longer wavelength than the illumination light.

The return light captured by the objective lens 7 is con-
densed onto the pinhole disk with microlens 21 provided in
the confocal optical scanner 20. Then, the numerical aperture
of the return light is increased to twice as large as before by
the microlens 21c¢, and the retune light passes through the
pinhole 21a. At this time, only the return light from the focal
plane of the objective lens 7 facing the specimen passes
through the pinhole 21a. On the other hand, since return light
from other than the focal plane is not focused on the pinhole
21a and is shielded by the light shielding mask 215 included
in the pinhole disk with microlens 21, most of the return light
cannot pass through the pinhole 21a.

The return light, which has passed through the pinhole 21a,
is reflected by the beam splitter 6. In particular, in a case of
fluorescent observation, the beam splitter 6 is for dispersing
light based on a wavelength and has a short pass characteristic
where illumination light is transmitted and return light, which
is fluorescence and has a longer wavelength than the illumi-
nation light, is reflected. The return light reflected by the
beam splitter 6 forms an image on a camera 10 by an imaging
lens 9. At this time, the numerical aperture of the imaging lens
9 is increased to twice as large as before by the microlens 21c.
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The converted numerical aperture may be close to or greater
than the numerical aperture of the return light to form the
image on the camera 10.

At the same time, the microlens disk 2 and the pinhole disk
with microlens 21 are rotated by a motor 4, and the whole of
specimen 8 is scanned using illumination light. This enables
the super resolution confocal images of the specimen 8 to be
imaged by the camera 10.

As described in “Related Art 2” with reference to FIGS. 18
and 19, in the confocal optical system using the two-dimen-
sional image sensor (camera), the distribution of images on
the specimen plane is increased to twice and projected on the
imaging plane in the region of the Airy disc centered each
bright point. Therefore, by reducing the distribution of
images in the Airy disc to half and performing a correction
process for conforming the coordinates on the specimen
plane to the coordinates on the imaging plane, the high-
frequency component beyond a resolution limit of optical
system can be obtained.

On the other hand, in the first embodiment, the reduction of
distribution of images in the Airy disc to half is optically
performed. The reason is that, by increasing the numerical
aperture of the return light from the objective lens 7 to twice
as large as before by the pinhole disk with microlens 21, the
width of the point spread function of the optical system is
reduced to half in accordance with the equation (2), in other
words, the distribution of images in the Airy disc, which has
been reduced to half, is projected on the camera 10.

In addition, in “Related Art 27, it is necessary to image a
few hundred non-scanning confocal images and to integrate
them. On the other hand, according to the first embodiment,
since the distribution of images in the Airy disc is optically
reduced to half and the reduced distribution is projected on
the camera 10, it is only necessary to perform one imaging
during the scanning of the whole of specimen 8 using illumi-
nation light with rotating the motor 4. Thereby, super resolu-
tion images having a resolution, which is twice as large as the
resolution limit (diffraction limit) of optical system, can be
easily obtained in a quite short time.

In addition, in “Related Art 17, it is necessary to perform a
high-frequency enhancement process for the imaged image.
On the other hand, in the first embodiment, since the image
imaged by the camera 10 is the super resolution image having
the resolution, which is twice as large as the resolution limit
(diffraction limit) of optical system, it is unnecessary to per-
form a high-frequency enhancement process for the imaged
image. Therefore, there is no risk of the occurrence of various
spurious resolution and artifacts due to noise components
included in confocal images imaged by a camera. Therefore,
it is unnecessary to determine parameters such as strength and
a band in the high-frequency enhancement process by trial
and error and there is no risk of confusion due to spurious
resolution.

In addition, in the first embodiment, since the numerical
aperture of the return light output from the objective lens 7 is
optically increased to twice as large as before and the return
light having the converted numerical aperture is imaged by
the camera 10, the resolution is improved not only in the plane
of the imaged image (x-y plane), but also in the light axial
direction vertical to the image (z-axis direction). The reason is
that the point spread function in the light axis direction is
represented by the following (6) and the width of the point
spread function in the light axis direction is inversely propor-
tional to the square of the numerical aperture. Therefore, the
first embodiment is suitable for a detailed observation of a
three-dimensional structure of a specimen.
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sin(z- NA2 - 2/(21)) ]2 (6

PSFia(2) =
(@) ( 7-NAZ-7/(20)

Since, in the pinhole disk with microlens 21 according to
the first embodiment, the pinholes 21a and the microlenses
21c are formed on the single substrate, the mechanical adjust-
ment between the pinholes 21a and the microlenses 21c¢ is not
required and the mechanical stability and the stability with
respect to changings in environment such as temperature is
quite high. In addition, the confocal optical scanner 20 has the
configuration where the microlens disk 2 and the pinhole disk
with microlens 21 are fixed coaxially with the motor 4, and
the mechanical stability, the environmental stability with
respect to temperature or the like, and the adjustability are
high.

In addition, the device configuration according to the first
embodiment is simple and inexpensive.

Second Embodiment

Next, a confocal optical scanner according to a second
embodiment of the present invention will be described.

FIG. 3 is a diagram schematically showing one configura-
tion example of the confocal optical scanner according to the
second embodiment.

In the second embodiment, different parts from those of the
first embodiment will be mainly described. Parts that nearly
correspond to those in the first embodiment are assigned the
same reference numerals, and the detailed description for the
parts will be omitted.

In the confocal optical scanner according to the second
embodiment, a scanning device is a motor, an optical filter is
a disk-shaped filter, and each microlens is a concave lens. The
microlenses are disposed on one main surface of the optical
filer, which is opposite to the other main surface facing the
specimen.

The configuration and operation of a confocal optical scan-
ner 30 according to the second embodiment will be described
with reference to FIG. 3.

The confocal optical scanner 30 includes a microlens disk
2, on which a plurality of microlenses 2a is regularly dis-
posed, a pinhole disk with micro concave lens 31 (optical
filter), and a motor 4 (scanning device) for rotating the micro-
lens disk 2 and the pinhole disk with micro concave lens 31.
The pinhole disk with micro concave lens 31 includes micro
concave lenses 31¢, each of which is disposed on a position
opposite to each microlens 2a of the microlens disk 2. In
addition, the pinhole disk with micro concave lens 31
includes pinholes 31a. Each pinhole 314 is provided on the
back side of the micro concave lens 31¢. Each pinhole 31a is
an opening of a light shielding mask 315. Each microlens 2a
and micro concave lens 31¢ may be another optical element,
for example, a Fresnel lens and a diffractive-optical element,
as long as the another optical element includes a lens effect.

The function of the pinhole disk with micro concave lens
31 will be described in detail with reference to FIG. 4. FIG. 4
is an enlarged diagram particularly showing a pair of the
pinhole 31a and the micro concave lens 31¢ provided on the
pinhole disk with micro concave lens 31.

Considering abeam (thick line) input from the downside of
FIG. 4, the beam is a convergent beam and has a numerical
aperture represented by sin(0) in the space where the beam
exists before being input into the pinhole disk with micro
concave lens 31. In other words, the beam has a slope of 6
with respect to the light axis. The beam is refracted at the
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incident plane into the pinhole 31a to be converted to the
beam having the numerical aperture n*sin(m). In other words,
the beam has a slope of y with respect to the light axis. Where,
n is a refractive index of substrate of the pinhole disk with
micro concave lens 31. The radius of curvature r of the micro
concave lens 31c¢ is decided so that the beam is a divergent
beam where the numerical aperture is represented by sin(20)
in the space where the beam exists after being output from the
micro concave lens 31c¢ disposed on the other surface of the
pinhole disk with micro concave lens 31. In other words, the
radius of curvature r is decided so that the beam has a slope of
20 with respect to the light axis.

The radius of curvature r of the micro concave lens 31c,
which meets the above-described conditions, may be calcu-
lated as follows.

When the thickness of the substrate of the pinhole disk with
micro concave lens 31 is defined as t and the half of the center
angle of the micro concave lens 31c is defined as @, the
relationship represented by the following equation (7) is sat-
isfied based on the law of refraction with regard to the micro
concave lens 31c.

sin(20+¢)=~ sin(m+¢) ™

In addition, the relationship represented by the following
equation (8) is satisfied based on the law of refraction with
regard to one surface where the light shielding mask 315 is
provided.

sin(0)=x sin(n) ®

In addition, the relationship represented by the following
equation (9) is satisfied with regard to the distance from the
beam to the light axis at the other surface where the micro
concave lenses 31c¢ are provided.

# sin(¢)=t tan(m) ()]

Based on the equations (7) to (9), when the refractive index
n and the thickness t of the substrate of the pinhole disk with
micro concave lens 31 and the incident angle 6 of thebeam are
given, the radius of curvature r of the micro concave lens 31c¢,
which meets the above-described conditions, may be
uniquely calculated. For example, when n=1.5, t=3.0 mm,
and 6=0.015 rad, the radius of curvature r is 1.0 mm.

Therefore, it can be said that the pinhole disk with micro
concave lens 31 has a function to convert a beam input from
one surface, on which the pinholes 31a are provided, into a
beam having a numerical aperture, which is twice as large as
that of the beam before being input into the pinhole disk with
micro concave lens 31, in the space where the beam output
from the micro concave lens 31c¢ exists. Conversely, it can be
said that the pinhole disk with micro concave lens 31 has a
function to convert a beam input from the other surface, on
which the micro concave lenses 31c are provided, into a beam
having a numerical aperture, which is the half of that before
being input into the pinhole disk with micro concave lens 31,
in the space where the beam output from the pinholes 31a
exists. Hereinbefore, the function of the pinhole disk with
micro concave lens 31 has been described in detail.

Again, referring to FIG. 3, the second embodiment will be
described.

A light source device 5 includes a light source such as a
laser and an optical system, which are not shown, and is
configured to output collimated illumination light. The illu-
mination light input into the confocal optical scanner 30 is
divided into a plurality of illumination light beamlets by the
plurality of microlenses 2a disposed on the microlens disk 2.
The divided illumination light is transmitted through a beam
splitter 6 and passes through the micro concave lens posi-
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tioned opposite to the microlens 2a, through which the illu-
mination light has been passed, among the plurality of micro
concave lenses 31c¢ on the pinhole disk with micro concave
lens 31. At this time, as described above, the numerical aper-
ture of each beamlet is reduced to half by the micro concave
lens 31c¢. The reduced numerical aperture of the beamlet may
be close to or greater than a value obtained by dividing the
numerical aperture of the objective lens 7 by the magnifica-
tion. Then, the illumination light passes through the pinhole
31a. In order to make the illumination light pass through each
pinhole 31a effectively, each pinhole 31a is disposed on the
focal plane of the microlens 2a.

The illumination light, which has passed through the pin-
hole disk with micro concave lens 31, is condensed onto the
specimen 8 by the objective lens 7. The specimen 8 outputs
return light based on the illumination light. In particular, in a
case of observation of a fluorescent specimen, the specimen 8
is stained using a fluorescent dye or the like so as to have a
specific structure. The fluorescent dye molecule is excited by
the illumination light and the specimen 8 outputs fluores-
cence having a longer wavelength than the illumination light.

The return light captured by the objective lens 7 is con-
densed onto the pinhole disk with micro concave lens 31
provided in the confocal optical scanner 30. Then, the return
light passes through the pinhole 31a, and the numerical aper-
ture of the return light is increased to twice as large as before
by the micro concave lens 31c¢. At this time, only the return
light from the focal plane of the objective lens 7 facing the
specimen passes through the pinhole 31a. On the other hand,
since return light from other than the focal plane is not
focused on the pinhole 31a and is shielded by the light shield-
ing mask 315 included in the pinhole disk with micro concave
lens 31, most of the return light cannot pass through the
pinhole 31a.

The return light, which has passed through the pinhole disk
with micro concave lens 31, is reflected by the beam splitter 6.
In particular, in a case of fluorescent observation, the beam
splitter 6 is for dispersing light based on a wavelength and has
a short pass characteristic where illumination light is trans-
mitted and return light, which is fluorescence and has a longer
wavelength than the illumination light, is reflected. The return
light reflected by the beam splitter 6 forms an image on a
camera 10 by an imaging lens 9. At this time, the numerical
aperture of the imaging lens 9 is increased to twice as large as
before by the micro concave lens 31¢. The converted numeri-
cal aperture may be close to or greater than the numerical
aperture of the return light when the return light is imaged on
the camera 10.

Atthe same time, the microlens disk 2 and the pinhole disk
with micro concave lens 31 are rotated by the motor 4, and the
whole of specimen 8 is scanned using illumination light. This
enables the super resolution confocal images of the specimen
8 to be imaged by the camera 10.

As described above, also in the second embodiment, by
increasing the numerical aperture of the return light from the
objective lens 7 to twice as large as before by the pinhole disk
with microlens, the width of the point spread function of the
optical system is reduced to half, in other words, the distri-
bution of images in the Airy disc, which has been reduced to
half; is projected on the camera.

Thereby, in the confocal optical scanner according to the
second embodiment, super resolution images where there are
no spurious resolution and artifacts due to image processing
can be obtained rapidly (inreal time). The configuration of the
confocal optical scanner is simple and inexpensive. The opti-
cal adjustment of the confocal optical scanner is easy and has
high environmental stability.
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Since such a confocal optical scanner has a super-resolu-
tion effect not only in an x-y plane of image, but also in an
axial direction (z axis-direction), the confocal optical scanner
is suitable for a fine observation of a three-dimensional struc-
ture of a specimen.

Third Embodiment

Next, a confocal optical scanner according to a third
embodiment of the present invention will be described.

FIG. 5 is a diagram schematically showing one configura-
tion example of the confocal optical scanner according to the
third embodiment.

In the third embodiment, different parts from those of the
first and second embodiments will be mainly described. Parts
that nearly correspond to those in the first and second embodi-
ments are assigned the same reference numerals, and the
detailed description for the parts will be omitted.

In the confocal optical scanner according to the third
embodiment, a scanning device is a galvanic mirror, an opti-
cal filter is an array type filter, and each microlens is a convex
lens. The microlenses are disposed on an incidence main
surface of the optical filter.

The configuration and operation of a confocal optical scan-
ner 40 according to the third embodiment will be described
with reference to FIG. 5.

The confocal optical scanner 40 includes a microlens array
41, on which a plurality of microlenses 41a is regularly dis-
posed, a pinhole array with microlens 42 (optical filter), a
galvanic mirror 49 (scanning device), a beam splitter 6, relay
lenses 43, 44, and 45, and mirrors 46 and 47. The pinhole
array with microlens 42 includes a plurality of pinholes 42a.
Each pinhole 42a is disposed on a position, which optically
corresponds to (is conjugate to) the focal position of each
microlens 41a of the microlens array 41. Each pinhole 424 is
an opening of a light shielding mask 4254. In addition, the
pinhole array with microlens 42 includes a plurality of micro-
lenses 42¢. The microlenses 42¢ are disposed on one surface
opposite to the other surface, on which the pinholes 42a are
provided. The positions of microlenses 42¢ corresponds to
those of the pinholes 42a, respectively. Each of the microlens
41a and the microlens 42¢ may be another optical element,
for example, a Fresnel lens and a diffractive-optical element,
as long as the another optical element includes a lens effect.

The pinhole array with microlens 42 converts a beam input
from one surface, on which the microlenses 42¢ are provided,
into a beam having a numerical aperture, which is twice as
large as that of the beam before being input into the pinhole
array with microlens 42, in the space where the beam output
from the pinhole 42a exists. The pinhole array with microlens
42 according to the third embodiment does not have a scan-
ning function with illumination light, and has only a function
to filter return light from a specimen.

A light source device 5 includes a light source such as a
laser and an optical system, which are not shown, and is
configured to output collimated illumination light. The illu-
mination light is divided into a plurality of illumination light
beamlets by the microlens array 41. The microlens array 41
may be designed so that the numerical aperture of the illumi-
nation light beamlet is close to or greater than a value
obtained by dividing the numerical aperture of an objective
lens 7 by the magnification.

The illumination light passes through the beam splitter 6
and the relay lens 43, is reflected by the galvanic mirror 49,
passes through the relay lens 44 and the objective lens 7, and
is condensed onto a specimen 8. At this time, by varying the
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direction of the surface of the galvanic mirror 49, the whole of
specimen 308 is scanned using the illumination light.

The specimen 8 outputs return light based on the illumina-
tion light. In particular, in a case of observation of a fluores-
cent specimen, the specimen 8 is stained using a fluorescent
dye or the like so as to have a specific structure. The fluores-
cent dye molecule is excited by the illumination light and the
specimen 8 outputs fluorescence having a longer wavelength
than the illumination light.

The return light captured by the objective lens 7 passes
through the relay lens 44, is reflected (descanned) by the
galvanic mirror 49, passes through the relay lens 43, and is
reflected by the beam splitter 6. In particular, in a case of
fluorescent observation, the beam splitter 6 is for dispersing
light based on a wavelength and has a short pass characteristic
where illumination light is transmitted and return light, which
is fluorescence and has a longer wavelength than the illumi-
nation light, is reflected.

The return light reflected by the beam splitter 6 is con-
densed onto the pinhole array with microlens 42. Then, the
numerical aperture of the return light is increased to twice as
large as before by the microlens 42¢, and the return light
passes through the pinhole 42a. At this time, only the return
light from the focal plane of the objective lens 7 facing the
specimen passes through the pinhole 42a. On the other hand,
since return light from other than the focal plane is not
focused on the pinhole 424 and is shielded by the light shield-
ing mask 425 of the pinhole array with microlens 42, most of
the return light cannot pass through the pinhole 42a.

The return light, which has passed through the pinhole
array with microlens 42, passes through the relay lens 45, the
mirror 46, and the mirror 47, is reflected (rescanned) by the
galvanic mirror 49, and is imaged on the camera 10 by an
imaging lens 48. The numerical aperture of each of the relay
lens 45 and the imaging lens 48 may be closeto or greater than
that of the return light, which has been increased to twice as
large as before by the microlens 42c.

In the pinhole array with microlens 42, the pinholes 42a
may be provided on one side facing to the beam splitter 6 and
the concave microlenses 42¢ may be provided on the other
side facing to the relay lens 45.

According to the above-described configuration, since the
numerical aperture of the return light, which has passed
through the pinhole array with microlens 42, is increased to
twice as large as the original numerical aperture, the distri-
bution of images in the Airy disc is optically reduced to half
and the reduced distribution is projected on the camera 10.
Thereby, super resolution images having a resolution, which
is twice as large as the resolution limit (diffraction limit) of
optical system, can be obtained.

According to the above-described configuration, since
only the return light passes through the pinhole array with
microlens 42 and the illumination light does not pass through
the pinhole array with microlens 42, the numerical aperture of
illumination light is not reduced to half by the pinhole array
with microlens 42. Therefore, the design condition where the
numerical aperture of the microlens 41a is set to be close to or
greater than a value obtained by dividing the numerical aper-
ture of the objective lens 7 by the magnification can be easily
satisfied.

In addition, since, in the pinhole array with microlens 42
according to the third embodiment, the pinholes 42a and the
microlenses 42¢ are formed on the single substrate, the
mechanical adjustment between the pinholes 42a¢ and the
microlenses 42¢ is not required and the mechanical stability,
the stability with respect to changings in environment such as
temperature, and the adjustability are quite high.
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In the third embodiment, a description will be provided for
the case in which the microlens is a convex lens. However, the
present invention is not limited to the configuration. The
microlens may be a concave lens. In this case, the microlenses
are disposed on a light emitting main surface of the optical
filter.

Fourth Embodiment

Next, a confocal optical scanner according to a fourth
embodiment of the present invention will be described.

FIG. 6 is a diagram schematically showing one configura-
tion example of the confocal optical scanner according to the
fourth embodiment.

In the fourth embodiment, different parts from those of'the
first to third embodiments will be mainly described. Parts that
nearly correspond to those in the first to third embodiments
are assigned the same reference numerals, and the detailed
description for the parts will be omitted.

As shown in FIG. 6, a confocal optical scanner 60 accord-
ing to the fourth embodiment has a configuration that the
microlens disk 2 is omitted from the confocal optical scanner
20 according to the first embodiment.

Also, in the confocal optical scanner according to the
fourth embodiment, by increasing a numerical aperture of
return light from an objective lens 7 to twice as large as before
by a pinhole disk with microlens, a width of a point spread
function of an optical system is reduced to half, in other
words, the distribution of images in an Airy disc, which has
been reduced to half, is projected on a camera.

Thereby, in the confocal optical scanner according to the
fourth embodiment, super resolution images where there are
no spurious resolution and artifacts due to image processing
canbe obtained rapidly (in real time). The configuration of the
confocal optical scanner is simple and inexpensive. The opti-
cal adjustment of the confocal optical scanner is easy and has
high environmental stability.

Since such a confocal optical scanner has a super-resolu-
tion effect not only in an x-y plane of image, but also in an
axial direction (z axis-direction), the confocal optical scanner
is suitable for a fine observation of a three-dimensional struc-
ture of a specimen.

In particular, since the configuration according to the
fourth embodiment does not include a microlens disk, the
configuration is simple and inexpensive.

Fifth Embodiment

Next, a confocal optical scanner according to a fifth
embodiment of the present invention will be described.

FIG. 7 is a diagram schematically showing one configura-
tion example of the confocal optical scanner according to the
fifth embodiment.

In the fifth embodiment, different parts from those of the
first to fourth embodiments will be mainly described. Parts
that nearly correspond to those in the first to fourth embodi-
ments are assigned the same reference numerals, and the
detailed description for the parts will be omitted.

The confocal optical scanner according to the fifth embodi-
ment includes an optical filter, a scanning device, and an
intermediate variable magnification optical system.

The configuration and operation of a confocal optical scan-
ner 70 according to the fifth embodiment will be described
with reference to FIG. 7.

The confocal optical scanner 70 includes, in addition to the
components in the first embodiment, an intermediate variable
magnification optical system 71. The intermediate variable
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magnification optical system 71 includes a lens 71a and a lens
71b. The ratio of the focal length of the lens 714 to that of the
lens 715 is 2:1. The intermediate variable magnification opti-
cal system 71 has magnifications of two times. The magnifi-
cations and optical system configuration of the intermediate
variable magnification optical system 71 are not limited to
those described above. For example, a variable magnification
zoom optical system may be adopted.

The intermediate variable magnification optical system 71
increases a numerical aperture of a beam input from the lens
71a to twice as large as that of the beam before being input
into the intermediate variable magnification optical system
71 in the space where the beam output from the lens 715
exists, in other words, the intermediate variable magnification
optical system 71 increases the numerical aperture. Con-
versely, the intermediate variable magnification optical sys-
tem 71 reduces a numerical aperture of a beam input from the
lens 715 to half of that before being input into the intermedi-
ate variable magnification optical system 71 in the space
where the beam output from the lens 71a exists, in other
words, the intermediate variable magnification optical system
71 reduces the numerical aperture.

Therefore, the numerical aperture of the illumination light,
which has been output from the microlens 2a, is reduced to
half by the microlens 21¢. However, then, the illumination
light, which has been output from the microlens 21c, is
increased to twice as large as before by the intermediate
variable magnification optical system 71, and the converted
light is input into the objective lens 7. Therefore, the conver-
sion magnification of the numerical aperture of the illumina-
tion light is 1x in total.

Regarding to the numerical aperture of the microlens 2a,
there are some cases where the design condition where the
numerical aperture of the illumination light at the time of the
input of the illumination light into the objective lens 7 is close
to or greater than a value obtained by dividing the numerical
aperture of the objective lens 7 by the magnification is
required to be satisfied. According to the above-described
configuration, the numerical aperture of the microlens 2a is
equal to that of the illumination light at the time of being input
into the objective lens 7. Therefore, even if the numerical
aperture of the microlens 2a is set to be half of that in the case
where the confocal optical scanner 70 does not include the
intermediate variable magnification optical system 71, the
above-described design condition can be satisfied. Generally,
when the numerical aperture of the microlens is small, the
microlens can be manufactured inexpensively.

Next, considering the return light output from the objective
lens 7, the numerical aperture of the return light is reduced to
half by the intermediate variable magnification optical sys-
tem 71 and then is increased to twice as large as before by the
microlens 21c¢. Therefore, the conversion magnification of the
numerical aperture of the return light is 1x in total.

Regarding to the numerical aperture of the imaging lens 9,
there are some cases where the design condition where the
numerical aperture of the imaging lens 9 is close to or greater
than the numerical aperture of the return light when the
numerical aperture of the return light is increased to twice as
large as before by the microlens 21¢ and is imaged by the
camera 10 is required to be satisfied. According to the above-
described configuration, the numerical aperture of the return
light output from the objective lens 7 is equal to that of the
return light on the imaging lens 9. Therefore, even if the
numerical aperture of the imaging lens 9 is set to be half of
that in the case where the confocal optical scanner 70 does not
include the intermediate variable magnification optical sys-
tem 71, the above-described design conditions can be satis-
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fied. Generally, when the numerical aperture of the imaging
lens is small, the imaging lens can be manufactured inexpen-
sively.

The magnifications of the intermediate variable magnifi-
cation optical system 71 are not limited to two times. For
example, considering a case where the magnifications of the
intermediate variable magnification optical system 71 are set
to three times, even if the numerical apertures of the micro-
lens 24 and the imaging lens 9 are more reduced, the above-
described design conditions can be satisfied. Since the size of
observation visual field is inversely proportional to the mag-
nifications of the intermediate variable magnification optical
system 71, the magnifications of the intermediate variable
magnification optical system may be decided in consideration
of these conditions.

According to the above-described configuration, the
numerical apertures of the microlens 2a and the imaging lens
9 can be reduced, and an inexpensive confocal optical scanner
can be provided.

Sixth Embodiment

Next, a confocal optical scanner according to a sixth
embodiment of the present invention will be described.

Each of FIGS. 8 to 15 is a diagram schematically showing
one configuration example of the confocal optical scanner
according to the sixth embodiment.

In the sixth embodiment, different parts from those of the
first to fifth embodiments will be mainly described. Parts that
nearly correspond to those in the first to fifth embodiments are
assigned the same reference numerals, and the detailed
description for the parts will be omitted.

In the confocal optical scanner according to the sixth
embodiment, a scanning device is a motor and an optical filter
includes a disk-shaped body. Convex microlenses are pro-
vided on one main surface of the body facing a specimen.
Each pinhole is disposed on the center of concave micro
mirror provided on the other main surface of the body oppo-
site to the one main surface. In other words, each pinhole is
formed in a reflective film which acts as a micro mirror in the
sixth embodiment.

The configuration and operation of a confocal optical scan-
ner according to the sixth embodiment will be described with
reference to FIGS. 8 to 15.

A confocal optical scanner 80 includes a corner cube 81, a
beam splitter 6, and a lens 82, a scan disk 83, a motor 4. As
shown in FIG. 13, a plurality of micro concave mirrors 835 is
regularly provided on one surface of the scan disk 83 facing
the corner cube 81. A pinhole 83a, which is a small opening,
is formed on the center of each micro concave mirror 834.
Light is transmitted through the pinhole 83a. Micro lenses
83c¢ are provided on the other surface of the scan disk 83
opposite to the one surface. The micro lenses 83 ¢ are disposed
opposite to the micro concave mirror 835, respectively. Each
microlens 83¢ may be another optical element, for example, a
Fresnel lens and a diffractive-optical element as long as the
another optical element includes a lens effect. The scan disk
83 is fixed to the rotation axis of the motor 4.

The function of the scan disk will be described in detail
with reference to FIGS. 13 to 15. As shown in FIG. 13 in
detail, the micro concave mirror 835 is a concave mirror for
reflecting a parallel beam input from one side facing the lens
82 and converting the parallel beam to convergent beam. The
micro concave mirror 835 does not reflect light input into the
pinhole 83a and makes the light be transmitted. In addition, as
shown in FIG. 14 in detail, the micro concave mirror 835
converts the beam, which has been collected to the pinhole
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83a from the one side facing the lens 82 and input into the
scan disk 83, so that the converted beam has a numerical
aperture, which is half of that before being input into the scan
disk 83, in the space where the beam output from the micro-
lens 83c¢ exists. Conversely, as shown in FIG. 15 in detail, the
microlens 83¢ converts the beam, which has been input into
the scan disk 83 from the other side facing the objective lens
7, so that the converted beam has a numerical aperture, which
is twice as large as that of the beam before being input into the
scan disk 83, in the space where the beam output from the
pinhole 83a exists.

A light source device 5 includes a light source such as a
laser, which is not shown, and enters illumination light into
the corner cube 81 by an optical fiber or the like. The illumi-
nation light output from the corner cube 81 passes through the
beam splitter 82, is converted to parallel light by the lens 82,
and is input into the micro concave mirror 836 of the scan disk
83 (FIG. 9). The illumination light is divided into a plurality
of illumination light beamlets and reflected by the micro
concave mirror 83b. The illumination light, which has been
reflected by the micro concave mirror 835, passes through the
lens 82 and the beam splitter 6, and is input into the corner
cube 81 (FIG. 10).

The illumination light is reflected inside the corner cube
81, is output from the corner cube 81, passes through the
beam splitter 6 and the lens 82, and is condensed onto the
pinhole 83a of the scan disk 83. The illumination light, which
has been input from the pinhole 83a and into the scan disk 83,
is converted to a light having a numerical aperture, which is
half of that before being input into the scan disk 83, by the
microlens 83c¢. The converted light is output from the scan
disk 83, and is condensed onto a specimen 8 by the objective
lens 7 (FIG. 11). The micro concave mirror 835 is configured
to focus the illumination light onto the pinhole 834 and to
make the numerical aperture of the illumination light output
from the microlens 83c¢ be close to or greater than a value
obtained by dividing the numerical aperture of the objective
lens 7 by the magnification.

The specimen 8 outputs return light based on the illumina-
tion light. In particular, in a case of observation of a fluores-
cent specimen, the specimen 8 is stained using a fluorescent
dye or the like so as to have a specific structure. The fluores-
cent dye molecule is excited by the illumination light and the
specimen 8 outputs fluorescence having a longer wavelength
than the illumination light.

The return light captured by the objective lens 7 is con-
densed onto the scan disk 83. Then, the numerical aperture of
the return light is increased to twice as large as before by the
microlens 83c¢, and is output from the pinhole 83a. At this
time, only the return light from the focal plane of the objective
lens 7 facing the specimen passes through the pinhole 83a. On
the other hand, since return light from other than the focal
plane is not focused onto the pinhole 834, most of the return
light cannot pass through the pinhole 83a.

The return light, which has passed through the pinhole 83a,
passes through the lens 82, and is reflected by the beam
splitter 6.

In particular, in a case of fluorescent observation, the beam
splitter 6 is for dispersing light based on a wavelength and has
a short pass characteristic where illumination light is trans-
mitted and return light, which is fluorescence and has a longer
wavelength than the illumination light, is reflected. The return
light reflected by the beam splitter 6 is imaged on the camera
10 by the imaging lens 9 (FIG. 12). The numerical apertures
of'the lens 82 and the imaging lens 9 may be close to that of
the return light output from the pinhole 83a.

20

25

30

40

45

55

60

24

At the same time, the specimen 8 is scanned with the
illumination light with rotating the scan disk 83 by the motor
4. This enables the super resolution confocal images of the
specimen 8 to be imaged by the camera 10.

According to the above-described configuration, since the
numerical aperture of the return light, which has been output
from the pinhole 83a of the scan disk 83, is increased to twice
as large as that of the light before being input into the micro-
lens 83c¢, the distribution of images in the Airy disc is optically
reduced to half and the reduced distribution is projected on
the camera 10. Therefore, super resolution images having a
resolution, which is twice as large as the resolution limit
(diffraction limit) of optical system, can be obtained.

In addition, according to the above-described configura-
tion, since the pinholes 834, the micro concave mirrors 835,
and the microlenses 83¢ are formed on the single scan disk 83,
the mechanical adjustment among the pinholes 83a, the micro
concave mirrors 835, and the microlenses 83¢ is not required
and the mechanical stability and the stability with respect to
changings in environment such as temperature are quite high.

According to the confocal optical scanners of the first to
sixth embodiments as described above, by increasing a
numerical aperture of return light from an objective lens to,
for example, to twice as large as before by a pinhole disk with
microlens, a width of a point spread function of an optical
system is reduced to half, in other words, a distribution of
images in the Airy disc is reduced to half and the reduced
distribution is projected on a camera.

Thereby, in the confocal optical lenses according to one
aspect of the present invention, super resolution images
where there are no spurious resolution and artifacts due to
image processing can be obtained rapidly (in real time). The
configuration of the confocal optical scanner is simple and
inexpensive. The optical adjustment of the confocal optical
scanner is easy and has high environmental stability.

Since such a confocal optical scanner has a super-resolu-
tion effect not only in an x-y plane of image, but also in an
axial direction (z-axis direction), the confocal optical scanner
is suitable for a fine observation of a three-dimensional struc-
ture of a specimen.

Although the foregoing has been a description of the con-
focal optical scanners according to some embodiments of the
present invention, the present invention is not limited to the
embodiments described above, and can be freely modified
within the scope of the present invention.

The confocal optical scanners according to all of the
embodiments are applicable to, not only a reflective confocal
observation and a single-photon fluorescence confocal obser-
vation, but also a multi-photon fluorescence observation.
Using the confocal optical scanners according to the embodi-
ments, super resolution multi-photon fluorescent images can
be imaged.

What is claimed is:

1. A confocal optical scanner for a microscope comprising

an optical filter, the optical filter comprising:

a plate-shaped body including a first surface and a second
surface opposite to the first surface, the first surface
having a plurality of pinholes; and

a plurality of first microlenses on the second surface, the
first microlenses being disposed nearly coaxially with
the pinholes, respectively,

wherein the optical filter is configured to increase a
numerical aperture of light input from a specimen and to
output the light having the increased numerical aperture.
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2. The confocal optical scanner for the microscope accord-
ing to claim 1, wherein the confocal optical scanner further
comprises a motor connected to the body and configured to
rotate the optical filter,

the optical filter is a disk-shaped filter,

each first microlens is a convex lens, and

the second surface of the body faces the specimen.

3. The confocal optical scanner for the microscope accord-
ing to claim 1, wherein the confocal optical scanner further
comprises:

a light source device configured to output illumination

light for illuminating the specimen; and

a galvanic mirror configured to reflect the illumination

light output from the light source device, and a direction
of a surface of the galvanic mirror being variable with
respect to a light axis of the illumination light,

the optical filter is an array type filter,

each first microlens is a convex lens, and

the second surface of the body is disposed to receive return

light from the specimen.

4. The confocal optical scanner for the microscope accord-
ing to claim 1, wherein the confocal optical scanner further
comprises a motor connected to the body and configured to
rotate the optical filter,

the optical filter is a disk-shaped filter,

each first microlens is a convex lens,

the second surface of the body faces the specimen,

the optical filter includes concave mirrors disposed on the

first surface of the body, and

each pinhole is disposed coaxially with the center of each

concave mirror.

5. The confocal optical scanner for the microscope accord-
ing to claim 1, wherein the confocal optical scanner further
comprises an intermediate variable magnification optical sys-
tem.

6. The confocal optical scanner for the microscope accord-
ing to claim 5, wherein the intermediate variable magnifica-
tion optical system comprises a first lens and a second lens.

7. The confocal optical scanner for the microscope accord-
ing to claim 6, wherein the intermediate variable magnifica-
tion optical system is configured to increase a numerical
aperture of light input from the first lens and to output the light
having the increased numerical aperture from the second lens
and to reduce a numerical aperture of light input from the
second lens and to output the light having the reduced numeri-
cal aperture from the first lens.

8. The confocal optical scanner for the microscope accord-
ing to claim 1, wherein the optical filter is configured to
increase the numerical aperture of the light input from the
specimen in the range of 1.2 times to 4 times as large as
before, and to output the light having the increased numerical
aperture.

9. The confocal optical scanner for the microscope accord-
ing to claim 1, wherein the optical filter includes a light
shielding mask disposed on the first surface of the body, and

each pinhole is an opening of the light shielding mask.
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10. The confocal optical scanner for the microscope
according to claim 1, wherein

the confocal optical scanner further comprises a microlens
disk opposite to the optical filter, and

a plurality of second microlenses is disposed on the micro-
lens disk.

11. The confocal optical scanner for the microscope

according to claim 10, wherein

each second microlens is configured to divide illumination
light into a plurality of illumination light beamlets, and

each pinhole of the body is configured to allow one illumi-
nation light beamlet of the illumination light beamlets,
which has been passed through the second microlens
positioned opposite to the pinhole, to pass through.

12. The confocal optical scanner for the microscope
according to claim 11, wherein each first microlens is config-
ured to reduce a numerical aperture of the illumination light
beamlet and to output the illumination light beamlet having
the reduced numerical aperture.

13. A confocal optical scanner for a microscope compris-
ing:

an optical filter, the optical filter comprising:

a plate-shaped body including a first surface and a sec-
ond surface opposite to the first surface, the first sur-
face having a plurality of pinholes; and

aplurality of first microlenses on the second surface, the
first microlenses being disposed nearly coaxially with
the pinholes, respectively, and

a motor connected to the body and configured to rotate the
optical filter,

wherein
the optical filter is a disk-shaped filter,

each first microlens is a concave lens, and

the first surface of the body faces a specimen.

14. A confocal optical scanner for a microscope compris-
ing:
an optical filter, the optical filter comprising:

a plate-shaped body including a first surface and a sec-
ond surface opposite to the first surface, the first sur-
face having a plurality of pinholes; and

aplurality of first microlenses on the second surface, the
first microlenses being disposed nearly coaxially with
the pinholes, respectively,

a light source device configured to output illumination
light for illuminating a specimen; and

a galvanic mirror configured to reflect the illumination
light output from the light source device, and a direction
of a surface of the galvanic mirror being variable with
respect to a light axis of the illumination light,

wherein

the optical filter is an array type filter,

each first microlens is a concave lens, and

the first surface of the body is disposed to receive return
light from the specimen.
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